Cyanobacteria desaturate fatty acids in the membrane lipids in response to decrease in temperature. We examined the changes in lipid and fatty acid composition in the thermophilic cyanobacterium Synechococcus vulcanus, which is characterized by an optimum growth temperature of 55³C. During temperature acclimation to 45³C or 35³C, the cells synthesized oleic acid at the expense of stearic acid in the membrane lipids. Unlike mesophilic cyanobacteria, S. vulcanus did not show any significant adaptive desaturation in the galactolipids monogalactosyl diacylglycerol and digalactosyl diacylglycerol, that comprise 50% and 30% of total membrane lipids, respectively. The major changes in fatty acid unsaturation were observed in the sulfolipid sulfoquinovosyl diacylglycerol. z
Introduction
Cyanobacteria contain four major glycerolipids: monogalactosyl diacylglycerol (MGDG), digalactosyl diacylglycerol (DGDG), sulfoquinovosyl diacylglycerol (SQDG), and phosphatidylglycerol (PG). MGDG represents 50^60% of the total glycerolipid content, and DGDG, SQDG, and PG each amount to 10^20% [1] . The cyanobacteria also contain minor amounts of monoglucosyl diacylglycerol (MGlDG), which is a precursor in MGDG synthesis. The fatty acids known to be present in cyanobacteria are palmitic acid (16:0), palmitoleic acid [1, 2] . Some cyanobacterial strains contain in addition myristoleic acid (14:1 vW ) and cisvaccenic acid (18:1 vII ). The temperature-dependent changes in fatty acid composition were extensively studied in the mesophilic cyanobacteria Anabaena variabilis [3, 4] , Synechocystis sp. PCC 6803 [5] , and Anacystis nidulans [6] . It was suggested that accelerated unsaturation of membrane lipids helps to maintain the membrane £uidity that is reduced under low temperature conditions [7, 8] . Thus, fatty acid unsaturation is consid-ered to be the key process in temperature acclimation in the mesophilic organisms.
In this report we present a detailed description of the changes in lipid and fatty acid composition of the thermophilic cyanobacterium Synechococcus vulcanus during temperature acclimation.
Materials and methods

Culture conditions
The culture of S. vulcanus was obtained from Dr. Hitoshi Nakamoto, Saitama University, Urawa, Japan. The cells were cultured photoautotrophically at 55³C with continuous illumination at 100 Wmol quanta m 3P s 3I and aeration with air that contained 2% CO P , in BG-11 medium [9] supplemented with 25 mM HEPES-NaOH, pH 7.5.
Temperature shifts
The cells were grown at 55³C until the OD at 790 nm (OD UWH ) reached 0.4 (about 3U10 U cells ml 3I ). Then they were transferred to 45³C, and 20-ml portions of the culture were withdrawn for fatty acid and lipid analysis after 4, 8, 12 , and 24 h. Subsequently the cells were transferred back to 55³C, and 20-ml portions of the culture were withdrawn for fatty acid and lipid analysis after 4, 8, 12 , and 24 h. One portion of the culture was continuously incubated at 55³C, and control samples were withdrawn after 24 and 48 h of incubation. The same experiments were performed with cells that were ¢rst incubated at 55³C and then transferred to 35³C. Lipid extraction and fatty acid analysis were done from all the samples. All experiments were performed in duplicate.
Analysis of lipid classes and fatty acid composition
The fatty acid composition of the total lipids from S. vulcanus was determined using a Hewlett-Packard HP 5890 gas chromatograph equipped with a SP2330 capillary column as described previously [10] . Individual lipid classes were separated by TLC and analyzed as described before [10] . The identity of 14:1 was con¢rmed by mass spectrometry [5] .
Results and discussion
Temperature-dependent changes in fatty acid composition of total lipids
The major fatty acids in S. vulcanus were 14:1, 16:0, 16:1 vW , 18:0, 18:1 vW , and 18:1 vII ( Table 1 ). The relative amounts of 14:1, 16:0, and 18:1 vII did not change when the temperature was lowered. The amount of oleic acid increased after the downward shift in temperature at the expense of stearic acid. Smaller changes were observed in the content of palmitic and palmitoleic acids (Table 1) .
E¡ect of temperature on membrane lipid composition of S. vulcanus
The cells of S. vulcanus were grown at 55³C and incubated at 45³C and 35³C as described in Section 2. Individual lipid classes were separated by TLC and their amounts were determined using 17:0 (heptadecanoic acid) as the internal standard during gas chromatography. Some £uctuations in the content of MGDG, DGDG, and SQDG were observed during temperature shifts (Table 2 ). These changes re£ected the general tendency in changes of lipid composition The cells of S. vulcanus were grown at 55³C and then incubated at 45³C and 35³C for 24 h. The deviation of values was within þ 1%.
during the growth of cell population (Table 2 , two bottom lines), rather than the speci¢c e¡ect of temperature treatment within the examined time intervals.
Temperature-dependent changes in fatty acid composition in di¡erent lipid classes
In MGDG, the amount of each fatty acid did not change signi¢cantly with the changes in temperature (Table 3) . A slight decrease in the amount of 18:0 and an increase in 18:1 was observed, however these changes could be rather considered as the e¡ect of aging of the cell population than the e¡ect of temperature. Similarly as in MGDG, temperature had no e¡ect on the fatty acid composition in DGDG (Table 3 ).
In the precursor of MGDG, MGlDG, the amounts of 16:0 and 16:1 did not change with temperature. The amount of 18:0 decreased from 22% to 16% and the amount of 18:1 slightly increased during the shift in temperature from 55³C to 45³C. These changes, however, could be also considered as aging e¡ect, since a similar tendency in fatty acid composition was observed in control cells that were continuously incubated at 55³C (Table 3 , last two rows).
In PG, a slight decrease in 16:0 and an increase in 16:1 were observed during the incubation of the cells at 45³C. The amount of 18:0 decreased from 13 to 7%, while the amount of 18:1 increased from 22 to 29%. The reverse order of the events was observed Fig. 1 . The temperature-dependent changes in the relative amount of oleic acid in di¡erent lipid classes of Synechococcus vulcanus during the temperature shift from 55³C to 45³C and back to 55³C (A), and from 55³C to 35³C and back to 55³C (B). The cells were grown at 55³C and then they were transferred to 45³C or 35³C. After incubation for 24 h at designated temperatures the cells were returned to 55³C. E, MGDG ; F, DGDG; O, MGlDG ; S, PG; b, SQDG. The deviation of values was within 3% for MGDG, DGDG, and SQDG, and within 1% for PG and MGlDG.
when temperature was shifted back to 55³C (Table  3 ). The same course of desaturation of stearic acid was observed upon the treatment of the cells at 35³C (Fig. 1) . These results clearly indicate the temperature-dependent desaturation of stearic acid in PG of S. vulcanus. In SQDG, downward shift in temperature caused a very rapid accumulation of oleic acid at the expense of stearic acid (Table 3 ). The amount of 18:1 was almost tripled in 24 h of incubation of cells at 45³C reaching 25% (Fig. 1A) . At the same time the amount of 18:0 dropped from 30% to 16%. Even more dramatic changes were observed during the treatment of cells at 35³C (Fig. 1B) . SQDG showed the most signi¢cant and most rapid alterations in fatty acid composition under temperature treatments, unraveling the unique adaptive response of the membrane lipids in this thermophilic cyanobacterium.
In mesophilic cyanobacteria, the temperature-dependent changes in fatty acid composition were mainly assigned to MGDG, the neutral major galactolipid of the membranes [3, 4, 6] . It was also reported that in A. nidulans, which is able to produce only saturated and monounsaturated fatty acids, the decrease in temperature caused conversion of 16:0 to 16:1 in all lipid classes [1] . Analogous results were reported for lipid molecular species of the ¢lamen-tous thermophilic cyanobacterium Mastigocladus laminosus [11] . In S. vulcanus, neutral galactolipids were not signi¢cantly a¡ected by the temperaturedependent desaturation. The changes in unsaturation pattern in S. vulcanus were caused mainly by desaturation of the charged lipids PG and SQDG (Table  3) .
There is substantial evidence that anionic lipids, e.g. PG and cardiolipin in Escherichia coli, may affect the initiation of DNA replication by altering association of the DnaA protein with the cell membrane [12] . It is possible that rapid desaturation of 18:0 in PG and SQDG in S. vulcanus helps the organism to adjust the rate of DNA replication under temperature stress conditions. However, the exact physiological importance of speci¢c desaturation of the charged lipids in the thermophilic cyanobacterium remains to be clari¢ed. Table 3 Temperature-dependent changes in fatty acid composition of di¡erent lipid classes 
